Abstract. Additive manufacturing (AM) is identified to cost-effectively lower manufacturing inputs and outputs in small batch production, widely employed in customized and high-value manufacturing chains, such as aerospace and medical component manufacturing. Additive manufacturing has the potential to significantly lower life cycle energy demands of products and their CO 2 emissions. Moreover, AM holds promise of overturning many aspects of the economics of manufacturing, as it pays no heed to unit labour costs or traditional economies of scale. Advances in AM technology are yielding faster production times and enabling objects to be printed in multiple combinations of materials, colours and surface finishes. A significant portion of these advances lie on the development of advanced materials for AM processes, which is undeniably one of the main driving forces of the transition from Rapid Prototyping to the Direct Digital Manufacturing era. Industries are nowadays at the inflection point for AM technologies, which have moved from a much-hyped but largely unproven manufacturing processes, to a mature technological solution, with numerous competitive advantages and the ability to produce real, innovative, complex and robust products.
Introduction
Additive manufacturing (AM) was introduced around the mid 80s and according to the prevailing view is currently at the starting point of triggering a new industrial revolution. The recent spread of 3D printers is the result of the expiration of the patent for the FDM (Fused Deposition Modelling) in 2009. Respectively, at an industrial scale, similar spread has been accomplished from 2014, when the patent for the SLS (Selective Laser Sintering) technology expired.
AM is identified to cost-effectively lower manufacturing inputs and outputs in small batch production, widely employed in customized and high-value manufacturing chains, such as aerospace and medical component manufacturing. This method lowers energy use, resource demands and related CO 2 emissions over the entire product life cycle, induces changes in labour structures and generates shifts towards a digitalized and localized supply chain. In their case study, Gebler et al. (2014) created a model showing that AM has the potential to reduce costs by 170-593 billion US $, total primary energy supply by 2.54-9.30 EJ and CO 2 emissions by 130.5-525.5 Mt by 2025. The great range within the saving potentials is a result of uncertainties of predicting market and technology developments [1] .
AM has the potential to significantly lower life cycle energy demands of goods and their CO 2 emissions. Reeves et al. has demonstrated in a case study of a structural airplane component that manufacturing-related energy demands and CO 2 emissions can be lowered by up to 75% if AM processes are employed. The AM-induced lightweight design further adds usage savings which amount to 63% savings in energy and CO 2 emissions over the entire life cycle of the product. This shows that AM has a great environmental potential not simply limited to aspects of the manufacturing process [1] . Various application fields and respective specific AM processes are outlined in Table 1 . One of the most widely used by the industry AM technologies is SLS technology, to address the needs for high-performance applications and manufacturing of intricate components of high geometrical complexity. Systems employing SLS technology lay the material in powder form and use a high-power laser beam in order to fuse particles and form the successive layers of the object. This technique is compatible with a wide variety of plastic, metallic, ceramic, glass materials and any material that exists in a powdery form and can be fused.
Through a layer-by-layer, digitally controlled printing process, AM technology offers high flexibility in fabricating 3D models and custom parts with structural and mechanical complexities that are unmatched by the traditional machining processes [2] . This technology is combined with selected materials and its spatial resolution is limited to around tens of micrometers by the inherent processes and mechanisms. As a challenge, fabricating 3D structures with nanoscale resolution and from a broad range of engineering materials is now emerging. In this respect, research activities focus on inventing new tools, methods, mechanisms and systems that are capable of processing materials at the nanoscale, aiming at the development of heterogeneous material architectures that significantly increase materials performance and broaden their functionality by nanostructuring and nanosystem integration.
Nowadays, the production and tailoring of advanced composites attracts economic and environmental interests and efforts are made on the manipulation and processing of these materials in order to enhance their performance. Among their competitive advantages are their ability to form light-weight structures with enhanced mechanical properties, along with a variety of integrated "smart properties", which translate into their capacity to be selfcleaning, self-healing, with memory, and have tailored anticorrosion and wear resistance properties. Such materials can generate and store energy from renewable sources [3] [4] [5] [6] , with a low production cost. Moreover, the replacement of conventional materials (e.g. steel or aluminum alloys), with advanced composite materials (usually prepared in a polymer matrix), can lead to the reduction of the environmental impacts of the final structures, in the form of fuel savings achieved due to the efficient operation of lightweight vehicles or the application of eco-friendly processes with a lower installation cost [7] . However, it is essential to balance these life-cycle energy advantages with possible highly energy-intensive advanced composites production [8] .
In order to perform a holistic assessment of the properties of advanced composite materials, aspects regarding both energy savings as well as environmental impacts [9] are two considerations which should be taken into account during both phases (production and use) of their composition. That is, without neglecting their end-oflife and material substances, which can be inorganic, organic or hybrid organic-inorganic materials [10] [11] [12] [13] [14] .
2 Manufacturing scale: through upscaling, from the lab to the fab and industrial scale AM will overturn many of the economics of manufacturing as it pays no heed to unit labour costs or traditional economies of scale. Designs can be quickly adjusted, so flexible manufacturing and mass customization can be achieved with minor capital investment. However, even if the crucial point of a lab's printer is that it combines size and low cost (printers used by hobbyists are not expensive, but they have small building volume), many would find it hard to make anything larger than a coffee cup. Those used by engineering companies are significantly more expensive -and even these systems might face difficulties with printing an object at the size of a small boat [15, 16] . Additionally, the gradual replacement of the multiplicity of skills used by labourers on a building site and decision making with a 3D printer is still at an initial stage and will take some time to be realised.
AM is not intended for replacing mass manufacturing. Note that the finish and durability of some printed items can still fall short of producers demands and nor can 3D printers crank out zillions of identical parts at low cost, as [17] . Industrial AM is currently at a turning-point, since more and more industrial units use these techniques to produce customised tools and small components. The commencement of this new industrial "revolution" is confirmed in a survey conducted in 2014, in which more than 100 construction companies participated. The research showed that 11% of the companies had already substituted traditional manufacturing methods by AM for mass manufacturing of individual parts or integrated products. Three years after the aforementioned research was carried out, one can safely assume that this percentage has certainly sprung. Indeed, according to a new PwC survey conducted at the end of 2015, it is estimated that 42% of large industries in Northern America will be using AM and specifically SLS manufacturing for a large portion of their operations by 2020. Further enhancement of AM technology uptake will be achieved, as the range of compatible material options continues to expand, to address application-specific needs. AM has begun to integrate advanced materials that appeal to the designers for high performance applications, and reflect the recent advances in material science for ceramic, cement, glass, metallic materials and alloys as well as polymer (nano)composites reinforced with carbon nanotubes and fibers. However, the integration of new types of materials also requires new sets of standards and optimisation of the AM process, as well as advanced characterisation methods and in-line monitoring, as their final properties exhibit high variability and significant dependence on processing conditions and structural characteristics. For example, surface morphology of fractured tensile specimens from pure polymer and carbon fiber reinforced polymer produced by FDM are presented in Figure 1 . In the case of the composite material, highly complex fracture mechanisms can be observed, arising from interrelated factors (geometrical characteristics of the 3D printed structure, processing conditions and the interactions between the reinforcing fibers and polymer matrix), which need to be optimized to increase the robustness of the AM process and meet industrial requirements. Despite the fact that the direct costs of manufacturing products with these new methods and materials are usually higher, the flexibility offered by AM technologies implies that the total cost can be substantially lower (Tab. 2)
3D Nanofabrication-printing of nanomaterials
AM has provided a pathway for low cost and flexible manufacturing of personalized components and one-off parts; however, such techniques are less ubiquitous at the nanoscale [18] , where nanofabrication is dominated by lithography tools that are of rather high cost for small-and medium-sized enterprises. Adding nanomaterials such as carbon nanotubes (CNTs), nanowires (NWs), and quantum dots (QDs) to host matrices such as polymers, metals, and ceramics via AM has the potential to enable greater capabilities in (nano)composites manufacturing. Incorporating (nano)materials to AM is realized via two ways; either use of AM for host matrix material with intermittent stoppages of the batch print job and introduction of nanomaterials automatically or manually, or pre-mixing of the nanomaterials into the host matrix, followed by AM of the nanocomposite mixture as a complete part. This will lead to enhancement of mechanical properties, increase of thermal and electrical conductivity, lower sintering temperatures, and will affect dimensional accuracy, as the incorporation of carbonaceous and metallic nanoparticles has been found to decrease deflection and shrinkage in various AM processes, due to more effective heat dissipation and lower temperature processing [19] . However, AM methods have their own limitations when nanoparticles are introduced, depending on the principle of operation, such as nozzle clogging for FFF, aggregation within liquid media and viscosity increase for ink-jet and stereolithography, nano-powder aggregation and decreased flowability in SLS processes, as well as rough surface finish of printed parts, etc. [20] . A radar chart providing comparison of (i) polylactic acid (PLA) and (ii) polyethylene terephthalate glycol-modified (PETG) with carbon filler (CarbonFil TM ) is provided in Figure 2 with a scale factor from 0 to 10 (with 10 being the most significant impact). In Figure 3 , two types of void defects at different scales in polymer matrices are depicted, introduced by the FDM process and nanoparticle agglomeration respectively. These voids can have a significant impact on crack formation and overall performance of 3D printed nanocomposites, therefore nanoparticle homogeneity in host matrices and tailored processing profiles are vital prerequisites for realizing their full potential.
Nanoparticles and nanostructures in AM processes
Stabilized nanoparticles in a host matrix can be employed to achieve a desired distribution of nanoparticles in the matrix and thus to protect them from agglomeration, oxidation, and corrosion. For example, laser-assisted AM techniques can be used to prepare porous core-shell polymer structures, containing different encapsulated nanoparticles distributed heterogeneously over the sintered polymer. In literature, functionally graded 3D parts with the structural ordering of iron oxide particles and the respective optimal laser-processing regimes are reported [21] , aiming at potential medical applications for the tissue engineering scaffolds and cell targeting systems. This approach renders possible the manipulation of fundamental material properties in objects (through nanomaterials) and achieve customized geometries, reduced time between design iterations, single tool manufacturing, and increased parts integration (through AM) [22] . For example, during the last decade significant progress has been made in the field of resonant optics; for this, 3D direct-write synthesis approach is reported [23] . Direct-write fabrication of 3D metallic nanoarchitectures with spatial nanometer resolution via electron-stimulated reactions, which is applicable on virtually any material and surface morphology, paves the way for a new generation of 3D nano-plasmonic architectures that can be printed on-demand. Nonetheless, the compatibility of the materials developed and AM techniques is of major importance [24] . Materials with a high level of flowability are required in most selective deposition AM processes, while nanofillers such as nano-biomaterials, carbon based nanomaterials, nanoclays and metallic nanoparticles, along with the respective host matrices (e.g. thermoplastics and thermosets) can be adapted for AM processing of multifunctional materials. From a fabrication point of view, high-precision automated machinery and equipment or moving stages are another key factor for further increasing the resolution of structures produced.
Nanomaterials-based bio-inks
In scaffold application field, AM technologies have great advantages over traditional fabrication methods in terms of controlling the porosity, pore size, and interconnectivity of the porous network. These methods can fabricate 3D scaffolds with high precision, thus can be used to standardize 3D scaffolds [25] . Among various fabrication methods, two-photon laser-based nanofabrication and controlled electrospinning are widely reported in various areas of tissue engineering due to their ability to fabricate structures with high surface to volume ratio and highly interconnected porous architecture at submicrometer resolution. The use of these methods results in precise 3D scaffolds mimicking the organization and structure of the extracellular matrix. The challenges induced in future development of 3D nanoscaffolds include the increase of the precision of scaffold fabrication systems, the identification new biomaterials, and incorporation of biomolecules to trigger specific cell behaviours such as adhesion, proliferation, and differentiation [26] . Additionally, the need to have mixed cell populations, biomimetic material properties, and chemical gradients has led to exploration of nanomaterials-based bioinks. Novel nanomaterials are in demand for cells and tissues to promote tissue regrowth and regeneration. Specifically, with the vision of functional 3D bioprinted organ successful implantation into a live human being, a clinical potential is opened, with further research in various advanced AM modalities. Bioplotting is one of the most promising technologies for the development of a fully functioning, multicellular organ that can integrate into and thrive within a human body in the future [27] .
Carbonaceous nanomaterials in AM processes
Carbon nanotubes are known for their mechanical, electrical, and thermal properties, which initially makes them a suitable candidate for integration in AM processing of polymers. Nanotubes can be used as carriers of chemical or biologically active materials in advanced (bio)sensing applications (proteins, poisonous gases, fuel components, and even melted metals), while their increased affinity to lipid structures enables them to form stable complexes with peptides and DNA-oligonucleotides and even encapsulate these molecules, which is useful for targeted drug delivery and numerous medical applications. However, their homogeneous dispersion in polymeric solutions and materials is crucial towards enhancement of CNT-based AM materials. For example, in case of FDM processing of thermoplastic nanocomposites, aggregation of CNTs is frequently reported and can be detrimental to FDM, possibly causing blockages at the nozzle and flux instability while printing (clogging). This is confronted by tailoring the concentration of CNTs which should preferably not surpass the percolation threshold, while maintaining key properties for AM process (mechanical integrity, flux, rheology, etc.) [28] . In Figure 4 , micro-computed tomography images of polymer (left) and polymer-CNT 10% w/w (right) samples are presented (agglomeration is evidenced for the case of nanocomposite). Fabrication of highly conductive CNTs/PLA nanocomposites used as 3D printable conductive inks for fabrication of conductive scaffold structures is reported as applicable in liquid sensors [28] . The structural parameters of liquid sensors are controlled through AM, while their influence on the sensitivity of the obtained sensor can be useful for structures made from repeated patterns of filaments, such as for sensors in form of textiles [29] . Carbonaceous nanomaterials (such as CNTs, graphene, carbon black) have also been explored as additives for SLS; distribution of the nanoparticles remains an important issue to be solved, however simple mixing techniques (initial dispersion of MWCNT powder in solvents, suspension through magnetic stirring, washing etc.) are often used to obtain homogeneity.
The case of A(N)M for 3D microfluidic devices
In the field of microfluidic applications, AM has begun to embrace the range of sizes and materials that appeal to the developers of microfluidic devices and reflect the recent advances in polymer-based systems, where no etching or dissolution processing is required and are thus more environmentally friendly and economically efficient [30] . Commercially available 3D printing systems for microfluidic devices fabrication and various 3D printed polymeric microfluidic components (microvalves and micropumps, droplet and emulsion chips, micromixers, microreactors, sensor cartridges and medical devices etc.) have already emerged in the market [31] . In the case of (bio) chemical sensors fabrication through AM, novel materials should be further be developed with specific functionalities and improved processability characteristics for the respective AM technology that will be employed, in order to present the necessary detection capabilities. The simultaneous processing and integration of materials with different AM technologies, properties and functionalities in a single manufacturing process will render the formation of new selective biorecognition systems on polymer surfaces possible, with high versatility and flexibility in incorporating novel bio-probes in ink formulations, thus meeting the demands of a more and more dynamic market, while maintaining cost efficacy and sustainability. The above technologies can be autonomously applied in different applications, e.g. 3D electronics with carbon-based conductive inks for medical devices and sensing applications.
Microfluidic devices on polymer substrates
Polymers have recently found a variety of applications in microfluidic systems, due to the wide range of low-cost polymeric materials available on the market, their ease of recyclability and their highly adjustable physicochemical characteristics, which can be tailored to address the specific needs of different applications. In this context, an important area of applied research concerns the technology transfer from the first-generation microfluidic devices based on silicon or glass to polymeric matrices. Polymer microsystems in materials such as polymethylmethacrylate (PMMA), polycarbonate (PC), polystyrene (PS), polyethyleneterephthalate (PET), Cyclic Olefin Copolymer (COC) or poly(dimethylsiloxane) (PDMS) microstructures can be produced in high volumes with scalable processing technologies, however the increasing awareness of limited resources, have motivated research and optimisation of renewable alternatives to traditional petroleumderived plastics, such as bio-based materials that are sourced from carbon-neutral feedstocks [32] .
Poly lactic acid (PLA) is a widely studied commercial bio-based/biodegradable thermoplastic polyester, which is derived from renewable resources such as cornstarch and sugarcane. The carbon in PLA originates from atmospheric carbon dioxide, which is immobilized in glucose by photosynthesis; therefore, its carbon footprint during production and disposal is low, compared to other petrobased polymers. Thermoplastic filaments based on PLA are dominant materials in FDM applications, due the highstrength, high-modulus, biocompatibility, rheological properties in molten state, low toxic emissions and crystallisation kinetics of PLA, which enable fast melting, extruding and selectively depositing of fibers for the formation of a predefined shape. However, PLA suffers from a series of drawbacks like brittleness, low heat deflection temperature, poor processability, and low melt strength [33] . Therefore, blending PLA with other polymers with desirable properties, along with the addition of environmentally friendly plasticizers and various strategies of compatibilization, is one of the most costefficient approaches to overcome these drawbacks, while maintaining its biodegradability and easy of recyclability. Furthermore, melt-blending of PLA-based materials with nanoparticles such as graphene, CNTs and organicallymodified nanoclays, among others, is a well-established route for the scaled-up production of advanced nanocomposites with functional properties and enhanced thermal stability [34] .
An important benefit of the aforementioned polymeric materials is their ease of recyclability and wide variety of end-of-life options, in combination of low carbon footprint of biobased thermoplastics during production and disposal. Polymeric materials can be developed to locally improve selected physical properties, e.g. fast heat dissipation and/ or enhanced dielectric properties near electrical components, while maintaining optimum processability characteristics for AM processing. Standard methodologies and protocols must be developed to assess the printability of the produced filaments, including melt behaviour, surface finish, dimensional stability, layer adhesion and mechanical performance for various test specimens. The emerging novel material solutions and technologies include hybrid AM processes (e.g. a combination of FDM and ink-jet technologies) involving the co-deposition and compatibilization of conductive inks and high-performance polymers, functionally graded morphologies and conformal integration of customized materials, which have the potential to drive advanced manufacturing industry forward, not only in the field of biosensor microfluidic applications, but also in other key industrial sectors, where there is a high demand for new sets of sustainable performant materials.
Functional micro-component fabrication via InkJet printing
Ink-jet printing technologies offer a wide flexibility in processing ink formulations, whose constituents can provide numerous functionalities in polymer-based substrates, such as microelectrode formation and bio-interactive components for biochemical analysis. Conductive inks offer the opportunity to create conductive paths in order to incorporate electrical components in microfluidic devices, as the step of drop resolution of ink-jet technologies has advanced from 500 mm (30 dpi) to several micrometers (9000 dpi) [21] . The most promising solution to prepare conductive inks is the use of nanoparticle suspensions. These nanoinks offer significant advantages such as: faster drying and ease of dispersion in water. However, one of the problems to be tackled is the development of stable colloidal suspensions, which prevent nozzle clogging and nanoparticle aggregations during solidification. Carbon-based nanomaterials, like CNTs or graphene, are highly promising for the preparation of conductive inks. It has been recently presented that graphene inks, based on the use of few layer graphene can produce high-concentration graphene dispersions, which have been tested in micro-supercapacitors with resistances between kV and MV. This technology provides an efficient and low-cost method to fabricate a variety of graphene electronic devices with good performance and is a promising alternative for future commercial applications in printed and flexible electronics. As mentioned, the introduction of nanoparticles in liquid media causes a significant increase in the viscosity of the media, thus rendering difficult the formation of small droplets during inkjet deposition. In practice, a selected combination of carriers, additives and carbon nanoparticles occur, so as to achieve inks with the expected properties in terms of conductivity. The use of nano-intermediates, pre-dispersion of nanoparticles in suitable carriers help to create the dispersion with the needed stability and viscosity. For the development of stable conductive inks based on graphene, the most important feature to control is the viscosity of the medium, to ensure that it is feasible to create small droplets with the developed AM system. The development of inks containing biointeractive components is challenging in terms of the development of a stable ink formulation which preserves the intended functionality of the bio-interactive content in the bulk state, when printed and are compatible with the inkjet technology. Additional challenges relate to potential damage resulting from sheer stresses introduced during the jetting process, sedimentation, conglomeration, adhesion to the inner surfaces of the print head/nozzle, crystallisation at the jet nozzle, and rheologies which are outside the operational range of the print head (e.g. viscosity, surface tension, non-Newtonian behaviour etc.). Furthermore, modification/adaption of the print head may be necessary (e.g. geometries, hydrophobic/hydrophilic coatings, materials used, etc.) to prevent wetting/adhesion to the print head nozzle and nozzle plate; humidity and temperature control may be necessary to preserve functionality; and potential sterilisation and cross-contamination issues need to be addressed.
Conclusions and future perspectives
AM is a market with enormous growth potential, which will be fulfilled once the main remaining barriers to up-take are addressed. Although industrial AM still faces many challenges, it is a matter of time until AM processes replace traditional manufacturing methods in small batch production, widely employed in customized and high-value manufacturing chains, such as aerospace and medical component manufacturing. Advances in these technologies are yielding faster production times and new sets of performant materials, enabling objects to be printed in multiple combinations of materials, colours and finishes. Additionally, nanofabrication technologies through AM will become important tools in tissue engineering in the next few years, rendering possible the fabrication of high resolution 3D biomimetic environments. The ability to design geometric features, tune material properties through nanomaterial integration, and incorporate drug delivery platforms through multi-material selection indicates a revolution in tissue engineering and pharmaceutical applications. Furthermore, the simultaneous processing and integration of materials with different AM technologies, properties and functionalities in a single manufacturing process will render possible the formation of new selective biorecognition and Micro Total Analysis Systems, with high versatility and flexibility in incorporating novel bio-probes in ink formulations, thus meeting the demands of a more and more dynamic market, while maintaining cost efficacy and sustainability. Additionally, novel real-time characterisation techniques should be developed, to provide feedback for material development, targeting at optimum processability characteristics for a wide range of processing conditions typically involved in hybrid manufacturing processes. This paves the way for robust quality assurance and quality control of material behaviour during and after the manufacturing process [35] , facilitating the establishment of technical standards and acceptance from industrial users. Overall, the challenge is to design machines with multifunctional printing capability and to combine different AM techniques and advanced materials. Parallel advances on both nanomaterials and nanofabrication will lead to the development of miniaturized functional devices easily adjustable for a wide range of application fields.
